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Abstract 
Induction of oxidative stress by drugs and other xenobiotics is an important mechanism of cytotoxicity. However, in 
vitro studies on the relationship between oxidative stress and cytotoxicity in cultured cells is frequently complicated 
by the fact that cell culture medium components affect reactive oxygen species (ROS) exposures in ways that vary 
with the mode of ROS production. The objectives of this study were to first determine the mode of ROS induction by 
certain model compounds when they are applied to cultured cells, and then to determine how ROS induction and 
cytotoxicity were affected by the ROS-quenching medium component pyruvate. Three compounds, eseroline, 
benserazide, and pyrogallol induced H2O2 in cell culture media independent of cells. However, another compound, 
menadione, induced H2O2 in a manner largely dependent on the MDA-MB-231 breast cancer cells used in this study, 
which is consistent with its known mechanism of inducing ROS through intracellular redox cycling. 1 mM pyruvate, 
as well as catalase, reduced the H2O2 in culture wells with each ROS inducer tested but it only reduced the cytotoxic-
ity of cell-independent inducers. It reduced the cytotoxicity of benserazide and pyrogallol >10-fold and of eseroline 
about 2.5-fold, but had no effect on menadione cytotoxicity. From this data, it was concluded that depending on the 
mechanism of ROS induction, whether intra- or extracellular, a ROS-quenching medium component such as pyruvate 
will differentially affect the net ROS-induction and cytotoxicity of a test compound.
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Background
Modern toxicity testing places a strong emphasis on in 
vitro systems that employ cultured cells and various assay 
chemistries to deliver data that predicts in vivo outcomes 
(Niles et  al. 2008). While cell viability and cell death 
assays reveal the potency of toxins, mechanistic assays 
uncover their modes of action. An important mechanism 
of chemical toxicity is the induction of oxidative stress 
through the production of excess reactive oxygen spe-
cies (ROS) such as superoxide, H2O2, singlet oxygen, and 
hydroxyl radical (Schroeder et al. 2001; Yasuda et al. 2011; 
Liu et al. 2010; Park et al. 2012; Kawai et al. 2003). While 
in vitro assay systems measure the impact of a test com-
pound on ROS levels, proper data interpretation requires 
an understanding of how and where ROS is created and 
of how the assay system affects ROS levels. For exam-
ple, certain polyphenolic and other food derived anti-
oxidants added to cell culture medium undergo redox 
cycling that produces H2O2 independent of cells (Halli-
well 2008; Babich et  al. 2009; Long and Halliwell 2009). 
In this case, H2O2-dependent cytotoxicity is from the 
outside in. Furthermore, cells have a significant capacity 
to eliminate ROS (e.g. superoxide dismutase eliminates 
superoxide, catalase and glutathione peroxidase elimi-
nate H2O2), so lower ROS levels may be observed with 
cells compared to a cell free control.
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In contrast to cell-independent ROS producers, some 
compounds stimulate excess ROS production by a cel-
lular mechanism such as redox cycling to a semiquinone 
that is then reoxidized to the quinone by oxygen, form-
ing superoxide (Thor et  al. 1982). The superoxide and 
the hydrogen peroxide created from it by superoxide dis-
mutase are created inside of the cell, so the ROS-depend-
ent cytotoxicity originates from inside of the cell.
Cell culture medium itself can influence ROS levels. 
The common medium component riboflavin undergoes 
light-dependent reactions that generate ROS (Grzelak 
et al. 2001). For this reason medium can be a significant 
source of ROS that varies with the age of the medium and 
its storage conditions. On the other hand, sodium pyru-
vate, a common medium component, neutralizes H2O2 in 
a reaction that produces acetate, water, and carbon diox-
ide (Giandomenico et al. 1997; Long and Halliwell 2009). 
Indeed, pyruvate protects cells from H2O2 cytotoxicity 
so the potency of a ROS-dependent toxin may vary with 
medium pyruvate content, especially if the ROS is gener-
ated in the medium as opposed to inside the cell where 
it is sequestered away from pyruvate in the medium 
(Babich et  al. 2009; Halliwell 2008; Long et  al. 2007; 
Clement et al. 2002; Andrae et al. 1985).
In this study, we used model cytotoxic compounds 
to determine how ROS-dependent compound toxic-
ity might vary with the mode of ROS-induction and the 
composition of cell culture medium. By comparing their 
capacity to induce H2O2 in the presence or absence of 
cultured cells, it was possible to categorize compounds 
as cell-dependent or cell-independent ROS inducers. We 
also showed dramatic effects of the common medium 
component sodium pyruvate on the cytotoxicity of cell-
independent ROS inducers and its relative lack of effect 
on the toxicity of a largely cell-dependent ROS inducer. 
These studies serve to provide a model approach for pro-
filing the cytotoxicity of ROS inducers.
Results
We chose four known oxidants for this study (Figure 1) 
along with the pore forming peptide alamethecin to use 
as a control for ROS-independent cytotoxicity (Krauson 
et al. 2012). Menadione (Vitamin K3) is a cell-dependent 
ROS inducer that undergoes redox cycling in the cell, 
causing the accumulation of excess superoxide that is in 
turn converted to H2O2 by superoxide dismutase (Fukui 
et  al. 2012; Buckman et  al. 1993; Thor et  al. 1982). Ese-
roline, benserazide, and pyrogallol were positive hits in 
a library screen for compounds that produce H2O2 in 
cell culture medium. Benserazide is used in conjunction 
with levodopa to treat Parkinson’s disease (Ossig and 
Reichmann 2013). Pyrogallol is a phenolic compound 
that produces superoxide and causes ROS-dependent 
organ damage in animals; it is a component of cytotoxic 
Citrus aurantium extracts (Karimi et  al. 2012). Esero-
line is an opioid agonist and analgesic drug (Furst et  al. 
1982). Benserazide and pyrogallol have multiple adjacent 
hydroxyl groups on a phenyl ring that mediate oxidation 
in cell culture medium (Long et al. 2010). Although ese-
roline does not appear to be an oxidant, it does form cat-
echol and quinone breakdown products in medium that 
can produce ROS and this may account for its reported 
cytotoxicity against cultured neurons (Somani et  al. 
1990).
ROS induction in medium
We examined the capacity of the selected compounds to 
produce ROS independent of cells by measuring H2O2 
production in PBS or MEM plus and minus 1 mM sodium 
pyruvate, a ROS quencher that reacts with H2O2 to form 
acetate, H2O and CO2 (Long and Halliwell 2009), and/or 
1 µg·ml−1 catalase, which converts H2O2 to O2 and H2O. 
Catalase and pyruvate substantially eliminated ROS assay 
luminescence, consistent with a correlation between 
[H2O2] and assay signals (Figure 2). Neat MEM presented 
a significant pyruvate- and catalase-sensitive H2O2 signal 
(Figure  2a). The modest catalase-insensitive signal from 
PBS and MEM apparently corresponds to non-specific 
assay background. Because the background for samples 
in MEM vs. PBS or MEM with additions were different, 
all data were background corrected before the amount 
of peroxide generated was quantitated using a standard 
curve. Values presented as slightly below zero in Fig-
ures 2 and 3 had values slightly below their correspond-
ing background sample. The compound vehicles did not 
increase H2O2 signals in PBS or MEM (data not shown), 
nor did Alamethicin (Figure  2b). While menadione did 
not increase signals in PBS or MEM with pyruvate, it did 
cause a marginal increase in MEM. In contrast, eseroline, 






















Figure 1 Structures of the ROS-producing compounds used in 
this study. The structures of menadione, eseroline, benserazide, and 
pyrogallol are shown.
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in PBS and MEM with pyruvate and very large H2O2 sig-
nal increases in MEM. Catalase reduced signal to back-
ground levels, however a very large amount of catalase 
(35 U) had to be used for the experiment in MEM with 
pyruvate to reduce the levels to background (Figure 2b). 
Even though the amount of catalase needed to reduce 
signal to background was large, this shows that the probe 
used in this case is selective for H2O2. It is possible the 
large amount of catalase needed is because the large 
amount of anions in the media with pyruvate is inhibiting 
catalase. Catalase has been shown to be inhibited by ani-
ons, including acetate and formate (Agner and Theorell 
1946). Pyruvate has the same carboxylate group as acetate 
and formate so it may have been able to partially inhibit 
the catalase. In addition, the reaction of pyruvate with 
peroxide in the media produces acetate. 
ROS induction and MDA‑MB‑231 cell cytotoxicity
The effect of MDA-MB-231 cells on H2O2 levels pro-
duced by the various compounds was determined by 
measuring H2O2 production in wells with 10,000 cells 
each. Luminescent values were background corrected 
before conversion to [H2O2] as above in experiments 
without cells. While cells enhanced H2O2 induction by 
Figure 2 H2O2 in PBS and MEM. a PBS and MEM or b compounds (10 μM) were incubated plus or minus 1 mM sodium pyruvate (1 mM) or 35 U 
catalase at 37°C in a 5% CO2 incubator for 60 min in the presence of 25 μM H2O2 substrate. Measured luminescence is shown as relative light units 
(RLU) in part a. Measured luminescence was converted to concentration of H2O2 after background correction using a standard curve in part b. Data 
points are shown with error bars representing ± SEM. Data is representative of three separate experiments with triplicate determinations of each 
data point.
Figure 3 MDA-MB-231 cell effects on H2O2 levels. H2O2 was measured in MEM plus and minus 10,000 MDA-MB-231 cells and plus and minus 
1 mM sodium pyruvate. a MEM or b 10 μM compounds were co-incubated with 25 μM H2O2 substrate for 60 min at 37°C in a 5% CO2 incuba-
tor. Measured luminescence is shown as relative light units (RLU) in part a. Measured luminescence was converted to concentration of H2O2 after 
background correction using a standard curve in part b. Data points are shown with error bars representing ± SEM. Data is representative of three 
separate experiments with triplicate determinations of each data point.
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menadione, they decreased H2O2 signal in MEM (Fig-
ure 3a) and decreased induction measured with eseroline, 
benserazide, and pyrogallol (Figure  3b). Furthermore, 
pyruvate reduced H2O2 signals for each treatment, with 
and without cells present.
To examine the cytotoxicity of our test compounds and 
the impact of extracellular H2O2 quenching we meas-
ured cell viability after exposing MDA-MB-231 cells 
in MEM to a range of compound concentrations in the 
presence or absence of 1 mM sodium pyruvate. Pyruvate 
had minimal or no impact on the toxicity of alamethacin 
and menadione, which do not produce substantial ROS 
in MEM without cells (Figure 4). EC50 values express the 
toxic potency of each compound (Table 1).
In contrast, pyruvate decreased the toxicity of the 
extracellular H2O2 inducers eseroline, benzerazide and 
Figure 4 Effect of sodium pyruvate on cytotoxicty. MDA-MB-231 cells were incubated with increasing amounts of test compounds a alamethicin, 
b menadione c eseroline, d benserazide, or e pyrogallol for 68 h. Cell viability was determined by luminescent ATP detection. Results are shown as 
percent viable cells, mean ± SEM. Data is the average of three separate experiments with quadruplicate determinations of each point. Filled square 
MEM, filled circle MEM plus 1 mM pyruvate.
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pyrogallol by 2.5-, 12- and 11-fold, respectively (Figure 4; 
Table 1). Although a high degree of uncertainty is associ-
ated with the calculated EC50 of 13.8 μM for pyrogallol, 
it is a reasonable working number because it is near the 
midpoint of the curve.
Discussion
In this study, we illustrated some basic parameters for 
identifying and characterizing ROS-inducers in cell cul-
ture. We chose to measure H2O2 because of its relative 
stability and ease of measurement compared to other 
ROS such as superoxide. The bioluminescent H2O2 assay 
we used was attractive because it incorporates a probe 
that reacts directly with H2O2, in contrast to systems 
that require horseradish peroxidase to catalyse the H2O2 
reaction with a probe. Whereas a horseradish peroxi-
dase-based system is highly vulnerable to small molecule 
interferences, the bioluminescent system is relatively 
impervious to such interferences (Duellman et al. 2013).
We measured H2O2 levels in the presence and absence 
of cells to determine if model compounds induce ROS in 
a cell-independent manner via intrinsic instability in cul-
ture medium, or by enhancing cell-dependent ROS pro-
duction. Eseroline, benserazide, and pyrogallol induced 
H2O2 in a cell-independent manner, likely through 
redox cycling with medium components (Halliwell 2008; 
Babich et al. 2009; Long and Halliwell 2009). In contrast, 
ROS induction by menadione was largely cell-dependent, 
which is consistent with its known mechanism of ROS 
induction through mitochondrial disruption (Buckman 
et al. 1993; Fukui et al. 2012; Thor et al. 1982).
We also demonstrated the influence of medium com-
position on apparent compound cytotoxicity with the 
H2O2 quencher sodium pyruvate. This served to demon-
strate that cell-independent ROS induction and its con-
sequent cytotoxicity varies with medium composition 
(e.g. plus and minus pyruvate) while cell-dependent ROS 
induction associated with cytotoxicity is substantially 
insensitive to ROS quenching by medium. Furthermore, 
we suggest using pyruvate as a diagnostic tool whereby 
an observation of reduced compound cytotoxicity in the 
presence of pyruvate may indicate ROS-dependent toxic-
ity via medium-dependent ROS induction.
We also observed that the commercially sourced MEM 
used for this study contained a significant amount of 
H2O2 without adding a ROS-inducer (Figures  2a, 3a). 
Previous reports indicate that H2O2 levels vary in com-
mon cell culture media and increase with exposure to 
light (Grzelak et al. 2001). It was tempting to speculate on 
how H2O2 in medium might cause an apparent enhanced 
cytotoxicity of an otherwise ROS neutral compound. 
Contrary to this concern, added sodium pyruvate did 
not reduce cytotoxicity of the presumed ROS neutral 
alamethicin. While this is inconsistent with an additive 
or synergistic effect of medium H2O2 and alamethecin, it 
does not preclude this possibility for other ROS neutral 
compounds. However, the cells themselves may mitigate 
this concern to some extent by reducing medium ROS as 
observed in this study (Figure 3a).
MDA-MB-231 cells in MEM without pyruvate reduced 
eseroline-, benserazide-, and pyrogallol-induced H2O2 
levels as expected given the anti-oxidant capacity of liv-
ing cells (Figure  3b). H2O2 diffuses into cells from the 
extracellular space, so enzymes such as catalase and glu-
tathione peroxidase would have actively eliminated it 
(Bienert and Chaumont 2014; Bienert et  al. 2006; Drin-
gen and Hamprecht 1997; Dringen et al. 2005; Dunning 
et  al. 2013; Venuprasad et  al. 2013). The contrasting 
cell-dependent increase in H2O2 from menadione is also 
expected because menadione induces superoxide pro-
duction by the mitochondria, which is then converted 
to hydrogen peroxide (Buckman et al. 1993; Fukui et al. 
2012; Thor et al. 1982). In this case (Figure 3b), the rate 
of menadione-induced H2O2 production apparently out-
paces the cells capacity to eliminate it.
It is not surprising that added pyruvate reduced cell-
dependent ROS induction by menadione (Figure  3b) 
because we did observe a small H2O2 induction by mena-
dione in MEM alone (Figure 2b) and because a portion of 
the intracellular H2O2 produced by mitochondrial uncou-
pling would diffuse into the medium and react with the 
pyruvate. Nevertheless, added pyruvate did not diminish 
menadione cytotoxicity indicating that extracellular H2O2 
does not contribute to its toxic mechanism (Figure  4b; 
Table 1). It is reasonable to assume that intracellular H2O2 
from redox cycling of menadione does contribute to its 
toxic mechanism and that this intracellular pool is pro-
tected from quenching by extracellular pyruvate.
Cell-dependent and cell-independent ROS inductions 
represent two fundamentally different mechanisms, each 
Table 1 EC50 values for five test compounds with MDA-
MB-231 cells
a Due to the steepness of the cytotoxicity curve, there was high uncertainty in 
the fit for this compound such that a 95% confidence interval was not estimated
Without pyruvate With pyruvate
EC50 (μM) 95% 
confidence
EC50 (μM) 95% 
confidence
Alamethicin 2.0 1.9–2.2 2.5 2.4–2.7
Menadione 9.0 8.3–9.8 9.0 8.3–9.7
Eseroline 5.7 5.4–6.0 14.1 13.3–15.0
Benserazide 7.3 6.9–7.6 87.3 83.8–91.0
Pyrogallol 15.8a None esti-
mateda
153.6 148.1–159.2
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with its own implications for cytotoxicity. The cytotox-
icity of cell-independent ROS-inducers like eseroline, 
benzerazide and pyrogallol should be more sensitive to 
extracellular ROS quenching than an intracellular ROS 
inducer such as menadione. Indeed, in this study pyru-
vate in culture medium reduced the cytotoxicity of esero-
line, benzerazide and pyrogallol but not of menadione. 
The capacity of pyruvate to both quench extracellular 
H2O2 (Figures 2, 3) and reduce eseroline, benzerazide and 
pyrogallol cytotoxicity (Figure  4) suggests a correlation 
between the two effects that is consistent with at least 
a partial role for extracellular H2O2 production in their 
cytotoxic mechanism. Furthermore, the extent of right 
shift to the cytotoxicity curves by pyruvate was greater 
for benzerazide and pyrogallol than for eseroline, indicat-
ing a greater role for extracellular H2O2 in the cytotoxic-
ity of the former two compounds compared to the latter.
Conclusions
In vitro systems with cultured cells, such as the one used 
for this study, are valuable tools for identifying and char-
acterizing compounds that induce ROS to levels that may 
damage cells. However, data retrieved from these systems 
can mislead if the mode of ROS induction is unknown 
and if the impact of cell culture medium on the magni-
tude of ROS induction is not recognized. Furthermore, 
certain discrepancies between different in vitro cytotox-
icity studies may depend on the contrasting capacities 
of different media to enhance or protect against oxida-
tive stress. The approach taken here illustrates how key 
parameters in cell-based ROS studies can be considered 
for developing mode of action profiles for ROS-inducing 
cytotoxins.
Methods
All materials were reagent grade. Minimal essential 
media (MEM) Glutamax, 100X antibiotic/antimycotic, 
heat-inactivated FBS, 100  mM sodium pyruvate, and 
0.25% Trypsin–EDTA were from Life Technologies 
(Grand Island, NY, USA). Alamethicin was from Cayman 
Chemical (Ann Arbor, MI, USA). DMSO, menadione, 
eseroline (fumarate salt), benserazide, pyrogallol, and 
catalase were from Sigma-Aldrich (St. Louis, MO, USA). 
CellTiter-Glo® and ROS-Glo™ H2O2 Assays were from 
Promega Corp. (Madison, WI, USA).
Cell culture
The human breast adenocarcinoma cell line MDA-
MB-231 was obtained from ATCC (ATCC HTB-26). 
Cells were maintained in MEM with 10% heat-inacti-
vated FBS, 100  U  ml−1 penicillin, 100  µg·ml−1 strep-
tomycin, 0.25  µg·ml−1 Fungizone®, and 1  mM sodium 
pyruvate. Cells were passaged twice per week and all data 
was generated between passages 6 and 30. Cells were 
passaged by washing once with phosphate buffered saline 
(PBS) and rinsing with 0.25% trypsin–EDTA solution. 
After dissociation from the cell culture flask, the cells 
were resuspended in MEM with or without pyruvate.
Test compound treatments and ROS detection
We measured H2O2 production with the ROS-Glo™ 
H2O2 Assay system. All compounds were tested at 10 µM 
in PBS or MEM plus or minus 1 mM sodium pyruvate. 
Compounds were tested in triplicate and each experi-
ment was performed a minimum of three separate times. 
Stock solutions were prepared as follows: 10 mM mena-
dione in DMSO, 70  mM pyrogallol in DMSO, 40  mM 
benserazide in DMSO, 10 mM eseroline in DMSO, and 
10.2  mM alamethicin in ethanol. Vehicle was present 
at 0.1% in these experiments. The H2O2 assay was per-
formed as directed by the manufacturer as follows. The 
compounds were added to an opaque white 96 well plate 
in the desired media or PBS. The H2O2 substrate solu-
tion was then added, bringing the final volume to 100 µl. 
The plate was incubated at 37°C in a 5% CO2 incubator 
for 60 min. 100 µl of the ROS-Glo detection solution was 
added to each well at the end of the incubation. After an 
additional 20 min incubation at room temperature, lumi-
nescence was recorded using a GloMax® Multi Detection 
System luminometer.
To confirm the selectivity of ROS-Glo for H2O2, 35 U of 
catalase was included in some of the 100 μl reactions. In 
order to estimate the amount of H2O2 generated by these 
compounds, a standard curve was also performed at the 
same time as the corresponding experiment. Concentra-
tions between 0 and 30 μM H2O2 were used to construct 
the standard curve. A standard curve in MEM media was 
used to quantitate the data using MEM media or MEM 
with pyruvate and a standard curve in PBS was used to 
quantitate the data in PBS. Due to the large difference 
in background between samples in MEM, samples in 
MEM with pyruvate, and those containing catalase, all 
data points and the standard curve were background cor-
rected using the appropriate controls. The equation of 
the linear line of the curve was then used to determine 
the amount of H2O2 generated in each sample.
Assays to determine the production of H2O2 in the pres-
ence of cells were performed as described above with the 
following modifications. The day before the experiment, 
cells were plated in clear, tissue culture treated 96-well 
plates at a density of 10,000 MDA-MB-231 cells per well in 
a total volume of 70 µl. Wells with cells were paired with 
corresponding wells without cells (medium alone). After 
overnight incubation at 37°C in a 5% CO2 incubator, 10 µl 
of compounds or their vehicle in the appropriate medium 
were added, followed by 20  µl of the H2O2 substrate 
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solution for a total volume of 100 µl. After the 1 h incuba-
tion at 37°C in a 5% CO2 incubator, 50 µl of each reaction 
mixture was transferred to a white 96-well plate and mixed 
with 50 µl of the ROS-Glo detection solution. The plate was 
then incubated 20 min at room temperature before reading 
luminescence. The standard curve for these experiments 
was performed analogously to the experiment. Briefly, the 
incubation of the H2O2 samples occurred in a cell culture 
treated plate, after which 50 µl was moved to a white lumi-
nometer plate and mixed with 50 µl of detection reagent.
Cell viability measurements
MDA-MB-231 cells were plated at a density of 1,000 cells 
per well in 70 µl the day before cytotoxicity treatments in 
clear, cell culture treated 96-well plates. After overnight 
incubation at 37°C in a 5% CO2 incubator, 30  µl of test 
compound in the desired media was added to each well. 
Compounds were diluted two fold across a 12-well rea-
gent reservoir before addition to the plate. The concen-
tration of vehicle (either DMSO or ethanol) was 1% or 
less in cytotoxicity experiments and was the same in all 
wells of each plate. The plates were returned to the incu-
bator for 68  h. Then the number of live cells remaining 
was determined as a function of ATP content using the 
CellTiter-Glo® luminescent assay as directed by the man-
ufacturer as follows. 100  µl reconstituted assay reagent 
was added to each well. The plate was agitated for 2 min 
on a plate shaker and incubated at room temperature for 
at least 15 min. 100 µl of the mixture was then transferred 
to a white 96 well plate and the luminescence was meas-
ured on a GloMax® Multi Detection System luminometer.
Data points in each cell viability curve are the mean of 
twelve replicates obtained during three separate experi-
ments. Data was analyzed using GraphPad Prism 5. Each 
individual curve was fit to a sigmoidal dose response 
curve. The value of the top plateau of the curve was used 
as the 100% value and all data points were expressed as a 
percentage of this value. Error bars indicate the standard 
error of the mean.
Abbreviations
ROS: reactive oxygen species; EC50: concentration at half-maximal toxicity; PBS: 
phosphate buffered saline; MEM: minimal essential media; DMSO: dimethyl 
sulfoxide; SEM: standard error of the mean.
Authors’ contributions
JK performed the experiments shown in this manuscript and created the 
figures. JS and SD were involved in preliminary feasibility experiments for this 
study. All authors contributed to the overall design of the study. All authors 
also participated in the interpretation of the data and the writing and revision 
of the manuscript. All authors read and approved the final manuscript.
Author details
1 Department of Chemistry and Biochemistry, University of Michigan-Flint, 556 
Murchie Science Building 303 E. Kearsley St., Flint, MI 48502, USA. 2 Research 
and Development, Promega Corporation, 2800 Woods Hollow Dr., Madison, 
WI 53711, USA. 
Acknowledgements
This study was supported by Promega Corporation and the University of 
Michigan-Flint, including UM-Flint’s Department of Chemistry and Biochemis-
try and College of Arts and Sciences.
Compliance with ethical guidelines
Competing interests
The authors declare that they have no competing interest.
Received: 2 May 2015   Accepted: 27 May 2015
References
Agner K, Theorell H (1946) On the mechanism of the catalase inhibition by 
anions. Arch Biochem 10:321–338
Andrae U, Singh J, Ziegler-Skylakakis K (1985) Pyruvate and related alpha-
ketoacids protect mammalian cells in culture against hydrogen peroxide-
induced cytotoxicity. Toxicol Lett 28(2–3):93–98
Babich H, Liebling EJ, Burger RF, Zuckerbraun HL, Schuck AG (2009) Choice 
of DMEM, formulated with or without pyruvate, plays an important 
role in assessing the in vitro cytotoxicity of oxidants and prooxidant 
nutraceuticals. In Vitro Cell Dev Biol Anim 45(5–6):226–233. doi:10.1007/
s11626-008-9168-z
Bienert GP, Chaumont F (2014) Aquaporin-facilitated transmembrane diffu-
sion of hydrogen peroxide. Biochim Biophys Acta 1840(5):1596–1604. 
doi:10.1016/j.bbagen.2013.09.017
Bienert GP, Schjoerring JK, Jahn TP (2006) Membrane transport of hydro-
gen peroxide. Biochim Biophys Acta 1758(8):994–1003. doi:10.1016/j.
bbamem.2006.02.015
Buckman TD, Sutphin MS, Mitrovic B (1993) Oxidative stress in a clonal cell line 
of neuronal origin: effects of antioxidant enzyme modulation. J Neuro-
chem 60(6):2046–2058
Clement MV, Long LH, Ramalingam J, Halliwell B (2002) The cytotoxicity of 
dopamine may be an artefact of cell culture. J Neurochem 81(3):414–421
Dringen R, Hamprecht B (1997) Involvement of glutathione peroxidase and 
catalase in the disposal of exogenous hydrogen peroxide by cultured 
astroglial cells. Brain Res 759(1):67–75
Dringen R, Pawlowski PG, Hirrlinger J (2005) Peroxide detoxification by brain 
cells. J Neurosci Res 79(1–2):157–165. doi:10.1002/jnr.20280
Duellman S, Shultz J, Vidugiris G, Cali J (2013) A new luminescent assay 
for detection of reactive oxygen species. http://www.promega.com/
resources/pubhub/a-luminescent-assay-for-detection-of-reactive-oxy-
gen-species/. Accessed 30 Dec 2014
Dunning S, Ur Rehman A, Tiebosch MH, Hannivoort RA, Haijer FW, Wouden-
berg J et al (2013) Glutathione and antioxidant enzymes serve 
complementary roles in protecting activated hepatic stellate cells 
against hydrogen peroxide-induced cell death. Biochim Biophys Acta 
1832(12):2027–2034. doi:10.1016/j.bbadis.2013.07.008
Fukui M, Choi HJ, Zhu BT (2012) Rapid generation of mitochondrial superoxide 
induces mitochondrion-dependent but caspase-independent cell death 
in hippocampal neuronal cells that morphologically resembles necropto-
sis. Toxicol Appl Pharmacol 262(2):156–166. doi:10.1016/j.taap.2012.04.030
Furst S, Friedmann T, Bartolini A, Bartolini R, Aiellomalmberg P, Galli A et al 
(1982) Direct evidence that eseroline possesses morphine-like effects. Eur 
J Pharmacol 83(3–4):233–241. doi:10.1016/0014-2999(82)90256-4
Giandomenico AR, Cerniglia GE, Biaglow JE, Stevens CW, Koch CJ (1997) The 
importance of sodium pyruvate in assessing damage produced by 
hydrogen peroxide. Free Radic Biol Med 23(3):426–434
Grzelak A, Rychlik B, Bartosz G (2001) Light-dependent generation of 
reactive oxygen species in cell culture media. Free Radic Biol Med 
30(12):1418–1425
Halliwell B (2008) Are polyphenols antioxidants or pro-oxidants? What do 
we learn from cell culture and in vivo studies? Arch Biochem Biophys 
476(2):107–112. doi:10.1016/j.abb.2008.01.028
Karimi E, Oskoueian E, Hendra R, Oskoueian A, Jaafar HZ (2012) Phenolic 
compounds characterization and biological activities of Citrus aurantium 
bloom. Molecules 17(2):1203–1218. doi:10.3390/molecules17021203
Page 8 of 8Kelts et al. SpringerPlus  (2015) 4:269 
Kawai K, Tsuno NH, Kitayama J, Okaji Y, Yazawa K, Asakage M et al (2003) Epigal-
locatechin gallate, the main component of tea polyphenol, binds to CD4 
and interferes with gp120 binding. J Allergy Clin Immun 112(5):951–957. 
doi:10.1067/mai.2003.1756
Krauson AJ, He J, Wimley WC (2012) Determining the mechanism of 
membrane permeabilizing peptides: identification of potent, equilib-
rium pore-formers. BBA Biomembr 1818(7):1625–1632. doi:10.1016/j.
bbamem.2012.02.009
Liu ML, Wilk SA, Wang AP, Zhou LJ, Wang RH, Ogawa W et al (2010) Resvera-
trol inhibits mTOR signaling by promoting the interaction between 
mTOR and DEPTOR. J Biol Chem 285(47):36387–36394. doi:10.1074/jbc.
M110.169284
Long LH, Halliwell B (2009) Artefacts in cell culture: pyruvate as a scavenger of 
hydrogen peroxide generated by ascorbate or epigallocatechin gallate 
in cell culture media. Biochem Biophys Res Commun 388(4):700–704. 
doi:10.1016/j.bbrc.2009.08.069
Long LH, Kirkland D, Whitwell J, Halliwell B (2007) Different cytotoxic and clas-
togenic effects of epigallocatechin gallate in various cell-culture media 
due to variable rates of its oxidation in the culture medium. Mutat Res 
634(1–2):177–183. doi:10.1016/j.mrgentox.2007.07.009
Long LH, Hoi A, Halliwell B (2010) Instability of, and generation of hydrogen 
peroxide by, phenolic compounds in cell culture media. Arch Biochem 
Biophys 501(1):162–169. doi:10.1016/j.abb.2010.06.012
Niles AL, Moravec RA, Riss TL (2008) Update on in vitro cytotoxicity assays 
for drug development. Expert Opin Drug Discov 3(6):655–669. 
doi:10.1517/17460441.3.6.655
Ossig C, Reichmann H (2013) Treatment of Parkinson’s disease in the advanced 
stage. J Neural Transm 120(4):523–529. doi:10.1007/s00702-013-1008-y
Park SJ, Ahmad F, Philp A, Baar K, Williams T, Luo HB et al (2012) Resveratrol 
ameliorates aging-related metabolic phenotypes by inhibiting cAMP 
phosphodiesterases. Cell 148(3):421–433. doi:10.1016/j.cell.2012.01.017
Schroeder P, Klotz LO, Buchczyk DP, Sadik CD, Schewe T, Sies H (2001) Epicat-
echin selectively prevents nitration but not oxidation reactions of per-
oxynitrite. Biochem Biophys Res Commun 285(3):782–787. doi:10.1006/
bbrc.2001.5210
Somani SM, Kutty RK, Krishna G (1990) Eseroline, a metabolite of physostig-
mine, induces neuronal cell death. Toxicol Appl Pharmacol 106(1):28–37
Thor H, Smith MT, Hartzell P, Bellomo G, Jewell SA, Orrenius S (1982) The 
metabolism of menadione (2-methyl-1,4-naphthoquinone) by isolated 
hepatocytes. A study of the implications of oxidative stress in intact cells. 
J Biol Chem 257(20):12419–12425
Venuprasad MP, Hemanth Kumar K, Khanum F (2013) Neuroprotective effects 
of hydroalcoholic extract of Ocimum sanctum against H2O2 induced neu-
ronal cell damage in SH-SY5Y cells via its antioxidative defence mecha-
nism. Neurochem Res 38(10):2190–2200. doi:10.1007/s11064-013-1128-7
Yasuda A, Natsume M, Osakabe N, Kawahata K, Koga J (2011) Cacao polyphe-
nols influence the regulation of apolipoprotein in HepG2 and Caco2 cells. 
J Agr Food Chem 59(4):1470–1476. doi:10.1021/Jf103820b
